The hepatitis C virus (HCV) nonstructural 3 protein (NS3) contains at least two domains associated with multiple enzymatic activities; a serine protease activity resides in the N-terminal one-third of the protein, whereas RNA helicase activity and RNA-stimulated nucleoside triphosphatase activity are associated with the C-terminal portion. To study the possible mutual influence of these enzymatic activities, a full-length NS3 polypeptide of 67 kDa was expressed as a nonfusion protein in Escherichia coli, purified to homogeneity, and shown to retain all three enzymatic activities. The protease activity of the full-length NS3 was strongly dependent on the activation by a synthetic peptide spanning the central hydrophobic core of the NS4A cofactor. Once complexed with the NS4A-derived peptide, the full-length NS3 protein and the isolated N-terminal protease domain cleaved synthetic peptide substrates with comparable efficiency. We show that, as in the case of the isolated protease domain, the protease activity of full-length NS3 undergoes inhibition by the N-terminal cleavage products of substrate peptides corresponding to the NS4A-NS4B and NS5A-NS5B. We have also characterized and quantified the NS3 ATPase, RNA helicase, and RNA-binding activities under optimized reaction conditions. Compared with the isolated N-terminal and C-terminal domains, recombinant full-length NS3 did not show significant differences in the three enzymatic activities analyzed in independent in vitro assays. We have further explored the possible interdependence of the NS3 N-terminal and C-terminal domains by analyzing the effect of polynucleotides on the modulation of all NS3 enzymatic functions. Our results demonstrated that the observed inhibition of the NS3 proteolytic activity by single-stranded RNA is mediated by direct interaction with the protease domain rather than with the helicase RNA-binding domain.
Hepatitis C virus (HCV) is a member of the Flaviviridae and is now recognized as the major cause of both parenterally transmitted and community-acquired non-A, non-B hepatitis (30) . Chronic HCV infection, which develops in more than half of afflicted individuals, has also been linked to the development of liver cirrhosis and of hepatocellular carcinoma (6) . Although the rate of new infections has been significantly reduced as a result of the introduction of reliable blood tests, it has been estimated that at least 1% of the world's population is affected by the desease (1) . So far, no efficient therapy and no vaccine is available.
HCV was identified by molecular cloning in 1989 (8) . The viral genome is a 9.5-kb, positive-sense single-stranded RNA (ssRNA) molecule that contains a single open reading frame encoding a polyprotein of 3,010 to 3,030 amino acids (9, 19, 35, 61) . The ORF is flanked by 5Ј and 3Ј untranslated regions (15, 41, 62, 67, 68) . The HCV polyprotein undergoes proteolytic processing by both host signal peptidases and viral proteases (3, 12, 17, 18, 26-28, 42, 43, 51, 53, 65) , giving rise to at least 10 mature proteins, which are encoded on the viral RNA in the following order: NH 2 -C-E1-E2-p7-NS2-NS3-NS4A-NS4B-NS5A-NS5B-COOH. C, E1, and E2 are believed to be viralstructural proteins, whereas the role of p7 has not been established. The remaining viral proteins (NS2 to NS5B) are believed to be nonstructural proteins, i.e., components of the viral replication machinery.
Whereas the structural HCV proteins arise through the action of cellular proteinases, two viral enzymes are required for the maturation of the nonstructural region of the polyprotein. The NS2-NS3 junction is cleaved by a zinc-dependent autoproteinase composed of NS2 and the N-terminal one-third of the NS3 protein (17, 27) . The C-terminal remainder of the HCV polyprotein is further processed by the serine protease contained within the NS3 protein to give rise to mature NS3 (67 kDa), NS4A (6 kDa), NS4B (26 kDa), NS5A (56 to 58 kDa), and NS5B (65 kDa) proteins (3, 11, 18, 46, 65) . The location of the sites cleaved by the NS3 protease within the HCV polyprotein has been obtained by N-terminal sequencing of the mature NS4A, NS4B, NS5A, and NS5B proteins. Based on a comparative analysis of the sequences flanking the cleaved peptide bonds, it has been possible to derive the following consensus sequence for the NS3-dependent cleavage site: Asp/GluXaa 4 Cys/Thr-Ser/Ala (18) . The catalytic domain of the NS3 protease has been mapped to the N-terminal 180-amino-acid region of NS3, which contains a characteristic serine protease catalytic triad (2, 14, 24, 40, 56, 63) . Although the N-terminal serine protease domain of NS3 shows enzymatic activity on its own, NS4A is a protease cofactor essential for efficient proteolytic processing. The degree of NS4A activation depends on the location of the cleavage site (2, 13, 43, 64) . A 14-amino-acid, hydrophobic region of NS4A has been identified as being sufficient for the stimulation of the NS3 protease (7, 39, 44, 52, 66) . In addition to the N-terminal protease domain, the C-terminal two-thirds of the NS3 protein contains conserved sequence motifs which are the hallmark of RNA helicases (16, 32) . Various forms of recombinant proteins containing the C-terminal domain of NS3 have been shown to possess RNA-stimulated nucleoside triphosphatase (NTPase) (22, 49, 59) and RNA helicase (20, 31, 36, 49, 60) activities. The minimal requirement for both these activities lies in the C-terminal 465 amino acids of NS3 (36) . The NS3 helicase can unwind double-stranded RNA (dsRNA) as well as dsDNA and RNA-DNA heteroduplexes in the 3Ј-to-5Ј direction by using any nucleoside triphosphate (NTP) or dNTP as the energy source (20, 21, 60) . Mutations of the conserved residues in the ATPase and helicase motifs severely impair both functions (25, 37) .
The three-dimensional structures of the NS3 protease domain, both alone (45) and in complex with NS4A-derived peptides designed to include the essential NS3-binding region (38, 69) , were recently determined by X-ray crystallography. Analysis of the three-dimensional structures has revealed a chymotrypsin-like fold and a structural zinc-binding site. The crystal structure of the C-terminal, 451-residue helicase domain of NS3 has also been determined (70) , revealing two RecA-like domains containing the helicase motifs and a third, C-terminal domain that is unique to the HCV enzyme.
To date, the study of the HCV protease and helicase enzymatic activities on the two separate domains has proved to be a useful approach to dissect the multiple functions of the fulllength protein. The major and obvious limitation is that the structural and catalytic properties of the NS3 protein may not be accurately represented by studies on independent domains. In particular, information on the possible mutual influence of the various enzymatic activities requires the characterization of a more physiologically relevant protein. To date, these kinds of studies have been hampered by the difficulties in obtaining sufficient amounts of soluble and pure full-length NS3 enzyme. Several reports (29, 47) have recently focused on the protease and RNA helicase activities associated with HCV full-length NS3-NS4A complexes partially purified at relative low yields from eukaryotic cells.
Here we describe the overexpression of a native form of full-length NS3 protein in E. coli. We report the procedure used to purify it to homogeneity in milligrams amounts and the characterization of its enzymatic properties. We have characterized the serine protease activity of the full-length NS3 protein to compare it with that of the isolated protease domain. We have also analyzed and quantified NS3 ATPase, RNA helicase, and RNA-binding activities under optimized reaction conditions. Finally, we have explored the possible interdependence of the two domains by analyzing the effect of polynucleotides and protease inhibitors on the modulation of all NS3 enzymatic functions.
MATERIALS AND METHODS
Expression and purification of the NS3 protein from bacteria. The NS3 protease domain from HCV BK (amino acids 1027 to 1207) was expressed in Escherichia coli and purified as previously described (56) . A cDNA fragment encoding the full-length (FL) NS3 polypeptide (amino acids 1027 to 1657 of the HCV BK polyprotein) was obtained by PCR and cloned downstream of the T7 promoter of the pT7-7 vector, in frame with the first ATG of the protein of gene 10 of the T7 phage. The resulting construct, pT7 NS3 FL, was sequenced with an Applied Biosystems model 373 DNA sequencer. The NS3 protein was expressed in E. coli BL21 (DE3) (58) by a method modified from the one described in reference 50. A 1-liter liquid culture derived from a single transformed bacterial colony was grown at 37°C to an absorbance at 600 nm of 0.8 in M9 modified minimal medium (5 g of glucose per liter, 1 g of ammonium sulfate per liter, 100 mM potassium phosphate [pH 7], 5 M biotin, 7 M thiamine, 0.5% Casamino Acids, 0.5 mM MgSO 4 , 0.5 mM CaCl 2 , 13 M FeSO 4 , 50 mg of ampicillin per liter). It was then cooled to 18°C, made up 100 M ZnCl 2 , and induced with 600 M IPTG (isopropyl-␤-D-thiogalactopyranoside) for 22 h at 18°C. All subsequent operations were performed at 4°C unless otherwise indicated. Cells were harvested and then disrupted with a Microfluidizer (model 110-S) in lysis buffer (25 [Boehringer] protease inhibitor mixture). The insoluble material was pelleted at 27,000 ϫ g for 30 min in a Sorvall SS34 rotor. The clarified supernatant, containing about 90% of the recombinant protein, was filtered through DEAE-Sepharose Fast Flow resin (Pharmacia) preequilibrated in lysis buffer. This sample was concentrated by 50% ammonium sulfate precipitation and dialyzed against lysis buffer containing 0.1 M NaCl, and NS3 was purified by fast protein liquid chromatography (Pharmacia), as follows. The dialyzed sample was loaded onto a 10-ml High Trap heparin-Sepharose column (Pharmacia) and eluted with a 0.1 to 1 M NaCl linear gradient in a buffer containing 25 mM HEPES [pH 7.6], 1 mM EDTA, 20% glycerol, 0.1% n-octyl-␤-D-glucopyranoside, and 3 mM DTT (buffer A). The protein peak was detected in fractions containing approximately 0.35 M NaCl, which were then pooled, dialyzed against buffer A containing 0.2 M NaCl, and loaded onto a 2-ml poly(U)-Sepharose affinity column (Pharmacia). After a wash with 5 column volumes of the same buffer, the NS3 protein was eluted in a Ͼ95% pure form with buffer A-1 M NaCl. Protein stocks were quantified by amino acid analysis and stored at Ϫ80°C at 5 to 20 M in buffer A-50% glycerol-0.5 M NaCl after being subjected to shock-freezing in liquid nitrogen. Control experiments had shown that this freezing procedure does not affect the NS3 protease and helicase specific activity. NS3 was Ͼ95% pure as judged by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE). N-terminal sequencing of the purified protein was performed on an Applied Biosystems model 470A gas phase sequencer.
Gel filtration chromatography. The native molecular weight of NS3 protein purified from bacteria was determined on a Pharmacia Superdex 200 HR 10/30 column in a buffer containing 25 mM HEPES (pH 7.6), 1 mM EDTA, 10% glycerol, 0.3 M NaCl, 0.1% n-octyl-␤-D-glucopyranoside, and 3 mM DTT. The flow rate was 0.3 ml/min, and 0.6-ml fractions were collected and analyzed by Western blotting. Blue dextran (2,000 kDa), aldolase (153 kDa), bovine serum albumin (67 kDa), and RNase A (13.7 kDa) were obtained from Pharmacia and used as molecular mass standards.
Peptides and HPLC protease assays. The peptide substrate derived from the NS4A-NS4B cleavage sequence (acetylated [Ac]-DEMEEC-ASHLPYK-NH 2 ) was purchased from Peptides International. All the other peptides were synthesized by solid-phase synthesis based on Fmoc/t-Bu chemistry, as described previously (5, 54) . The identity of the peptides was determined by mass spectrometry and amino acid analysis. The concentration of stock peptide aliquots, prepared in buffered aqueous solutions and kept at Ϫ80°C until use, was determined by quantitative amino acid analysis performed on HCl-hydrolyzed samples.
If not specified differently, cleavage assays were performed in 57 l of 50 mM Tris-HCl (pH 7.5)-2% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS; Calbiochem)-50% glycerol-30 mM DTT to which 3 l of NS4A-NS4B peptide substrate was added. As the protease cofactor, a peptide spanning the central hydrophobic core (residues 21 to 34) of the NS4A protein carrying a three-lysine solubilizing tag at the N terminus was used (5). The NS4A-derived peptide Pep4AK (KKKGSVVIVGRIILSGR-NH 2 ) was preincubated for 15 min at 23°C with 20 nM NS3, and the reactions were started by addition of the substrate. Incubation times at 23°C were chosen to obtain Ͻ10% conversion. Reactions were stopped by the addition of 40 l of 1% trifluoroacetic acid. Cleavage of peptide substrates was determined by high-pressure liquid chromatography (HPLC) with a Merck-Hitachi chromatograph equipped with an autosampler, as described previously (5, 56) . Cleavage products were quantified by integration of chromatograms with respect to appropriate standards. Initial rates of cleavage were determined on samples with Ͻ10% substrate conversion. Kinetic parameters were calculated from nonlinear least-squares fit of initial rates as a function of substrate concentration with the aid of a Kaleidagraph software, assuming Michaelis-Menten kinetics.
The dissociation constant of the NS3-Pep4AK complex was calculated from measurements of the rate of proteolysis (V 0 ) by nonlinear least-squares fit to the equation:
The 50% inhibitory concentrations (IC 50 ) of the peptides Ac-DEMEEC-OH and Ac-EDVVCC-OH and of ssRNA inhibitors were calculated from protease assay experiments performed in the presence of increasing concentrations of inhibitor. In the ssRNA inhibition experiments, either an 18-mer oligouridylic acid [oligo(U) 18 ] (Genset) or polyuridylic acid [poly(U)] (Pharmacia) was used, and in both cases the inhibitor concentrations were expressed as UMP concentrations due to the size heterogeneity of ssRNA molecules in the poly(U) sample. The IC 50 s were obtained by multiparameter logistic fitting of the experimental data.
Protease assays on in vitro-translated substrates. In vitro translation of the HCV proteins NS4A-NS4B (residues 1649 to 1964) and NS5A-NS5B ⌬C51 (residues 1965 to 2470) was described previously (55) .
In vitro transcription was performed with T7 RNA polymerase (Stratagene). The transcripts were translated for 1 h at 30°C in the presence of [ 35 S]methionine (1,175 Ci/mmol; Dupont NEN) with an RNA-dependent rabbit reticulocyte lysate (Promega). Aliquots of purified NS3 were added to the translated protein substrates in the absence or presence of 15 M Pep4AK, and the mixtures were incubated for 60 min at 30°C. Cleavage of radiolabelled precursors was assessed by SDS-PAGE followed by autoradiography.
NTPase activity assay. NTPase activity was directly determined by monitoring [␥-
32 P]ATP hydrolysis by thin-layer chromatography. Protein titration assays were carried out by incubating 1.25 to 80 nM NS3 FL protein for 30 min at 37°C under standard conditions: 25 mM morpholinepropanesulfonic acid (MOPS)-NaOH (pH 7)-2.5 mM DTT-2.5 U of RNasin (Promega)-100 g of bovine serum albumin (BSA) per ml-3 mM MgCl 2 -1 mM ATP-2 Ci of [␥- 32 P]ATP (6,000 Ci/mmol, 10 mCi/ml; Dupont NEN) with or without 0.1 mM poly(U) (see above) in a final volume of 10 l. Poly(U) titration experiments were performed by incubating 2 nM enzyme in the presence of increasing concentrations of poly(U) (0.78 to 100 M UMP). Portions (0.5 l) of each reaction mixture were spotted onto polyethyleneimine-cellulose sheets and developed by ascending chromatography in 150 mM LiCl-150 mM formic acid (pH 3.0). The cellulose sheets were dried, and released [ 32 P]phosphoric acid was quantified with a PhosphorImager by volumetric integration with ImageQuant software.
Helicase and RNA-binding assays. The partially double-stranded RNA substrate is schematically described in Fig. 7A . The substrate was obtained by annealing the two complementary RNA oligonucleotides, 5Ј-AGAGAGAGAG GUUGAGAGAGAGAGAGUUUGAGAGAGAGAG-3Ј (40-mer, template strand) and 5Ј-CAAACUCUCUCUCUCUCAACAAAAAA-3Ј (26-mer, release strand), synthesized by Genset and purified on a 20% polyacrylamide-7 M urea denaturing gel. The release strand was 5Ј-end labelled with [␥-32 P]ATP by using T4 polynucleotide kinase (Pharmacia) before the annealing reaction. The two RNA oligonucleotides were combined at a molar ratio of 3:1 (template/release), and annealing was performed by denaturation for 5 min at 80°C followed by slow renaturation at 23°C in 20 mM Tris-HCl (pH 8)-0.5 M NaCl-1 mM EDTA. The partial duplex RNA was purified on a G50-80 Sephadex spun column and stored at Ϫ20°C in H 2 O containing 0.25 U of RNasin (Promega) per l.
Unless otherwise specified, the NS3 helicase activity assay was performed in 20 l reaction volume containing 25 mM MOPS-NaOH (pH 7), 2.5 mM DTT, 2.5 U of RNasin, 100 g of BSA per ml, 3 mM MgCl 2 , 1.25 to 80 nM NS3 protein, and 1 nM 32 P-labelled partial duplex RNA substrate. After preincubation for 15 min at 23°C, 3 mM ATP was added to start the helicase reaction. This was carried out at 37°C for 30 min and then stopped by adding 5 l of termination buffer (0.1 M Tris [pH 7.5], 20 mM EDTA, 0.5% SDS, 0.1% Nonidet P-40, 0.1% bromophenol blue, 0.1% xylene cyanol, 25% glycerol). Aliquots (8 l) were analyzed on a native 8% polyacrylamide gel containing 0.5ϫ Tris-borate-EDTA. Strand separation was visualized by autoradiography, and the efficiency of the helicase reaction was calculated by quantification of the radioactivity with a PhosphorImager and ImageQuant software. The percent unwinding was calculated as the ratio of the radioactivity associated with the release strand and total radioactivity associated with both the unwound substrate and the released strand.
Gel retardation reaction mixtures (20 l) contained 25 mM MOPS-NaOH (pH 7.0), 2.5 mM DTT, 2.5 U of RNasin, 100 g of BSA per ml, 3 mM MgCl 2 , 5 to 80 nM NS3 protein, and 1 nM 5Ј-32 P-labelled 26-mer ssRNA oligonucleotide corresponding to the release strand. After being incubated for 30 min at 37°C in the absence or presence of 5 mM ATP, the samples were adjusted to 5% glycerol and were electrophoresed in a native 6% polyacrylamide gel containing 0.25ϫ Tris-borate-EDTA.
RESULTS

Expression and purification of the full-length NS3 protein.
For the production of large amounts of FL NS3 protein (amino acids 1027 to 1657), we devised a method involving expression and purification from E. coli. To this end, we chose a T7-based expression vector and decided not to rely on a fusion protein system to obtain an enzyme as close as possible to the native one. In preliminary experiments, we successfully expressed this protein in E. coli by using the standard Luria-Bertani medium for bacterial cultures and a temperature of 37°C for the IPTG induction of expression. Nevertheless, the enzyme produced by this method was quantitatively found in an insoluble form (data not shown). Therefore, we tried to push the system toward the expression of a more soluble protein and to minimize the formation of inclusion bodies, normally associated with the presence of large amounts of misfolded protein. To this end, transformed bacterial cultures were grown in a defined modified minimal medium and after exponential growth at 37°C to the desired optical density, induction with IPTG was carried out at 18°C for 22 h. Similar methods have been demonstrated to significantly improve the yields and to simplify the purification of several proteins (50) . In addition, to provide a source of the structural zinc required for the proper folding of the enzyme (10, 57), 100 M ZnCl 2 was added just before induction to minimize misfolding. About 90% of NS3 (as shown in Fig.  1A and in Western blot experiments [data not shown]) was recovered in a soluble form upon disruption of cells in a glycerol-and 0.1% n-octyl-␤-D-glucopyranoside-containing hypertonic buffer. Only glycerol was strictly required for solubility, whereas the presence of detergents was optional. After filtration through DEAE-Sepharose to separate nucleic acids and concentration by ammonium sulfate precipitation, NS3 was further purified by two subsequent chromatographic steps on High Trap heparin-Sepharose and poly(U)-Sepharose (Fig.  1A) . The latter purification step was very effective due to the high affinity of the enzyme for ssRNA (see below). The purified enzyme was homogeneous, as judged by SDS-PAGE (Fig.  1A) . Experimental sequence analysis revealed the removal of the N-terminal methionine and alanine residues, yielding the sequence P-I-T-A-Y-S-S-Q, analogous to what has already been observed in the purified NS3 protease domain (56) . This method yielded about 8 mg of purified NS3 from 1 liter of culture at a concentration of 1.5 mg/ml.
To investigate the multimerization or aggregation state of NS3, 500 g of a purified preparation was applied to a Pharmacia Superdex 200 gel filtration column. The elution profile was monitored by measuring UV absorbance at 280 nm (Fig.  1B) , and the eluted fractions were analyzed by Western blotting with a specific anti-NS3 antiserum (data not shown). More than 95% of NS3 eluted in close proximity to the BSA (67-kDa) marker, in agreement with the predicted molecular mass of NS3 monomeric form (67 kDa). Only a small fraction of the protein eluted in the column void volume (Ն 2,000 kDa). These data indicate that the purification conditions used yielded a monomeric, nonaggregated protein. Protease activity on in vitro-translated substrates. To assay the trans-cleavage activity of the purified NS3 on HCV polyprotein precursors, we incubated the enzyme at 100 nM with 35 S-labelled precursor proteins NS4A-NS4B and NS5A-NS5B⌬C51, synthesized by in vitro translation from the appropriate RNAs. To assess the dependency of NS3 protease activity on the NS4A cofactor, the experiments were performed in the presence or absence of a large excess (15 M) of an NS4A-derived peptide, spanning the central hydrophobic core (residues 21 to 34) of the NS4A protein (Pep4AK). As shown in Fig. 2 , no cleavage was detectable on either protein substrate in the absence of the cofactor whereas processing was evident in the samples in which Pep4AK was added. Similar results were obtained when the full-length NS5A-NS5B precursor was used as the substrate (data not shown).
This stringent requirement for NS4A in NS4A-NS4B and NS5A-NS5B trans processing in vitro was not detected with the isolated NS3 protease domain in analogous experiments (55), but our finding is in agreement with the study of Hamatake et al. (23), who compared the trans-cleavage activity of purified FL NS3 and NS3-NS4A complex in the same type of assay.
Protease activity on synthetic peptide substrates. To determine whether the purified NS3 protein was enzymatically active on a synthetic peptide substrate, aliquots were incubated with the 13-mer peptide Ac-DEMEECASHLPYK-NH 2 , derived from the NS4A-NS4B cleavage site (5). The cleavage efficiency was strictly dependent on the presence of a saturating concentration of an NS4A-derived synthetic peptide (Pep4AK) (Fig. 3A) . The NS4A-derived core peptide had been demonstrated to increase the cleavage efficiency of the isolated NS3 protease domain on similar NS4A-NS4B peptide substrates (5, 55, 56) . In contrast to FL NS3, the isolated protease domain was previously shown to possess a significant level of basal activity when analyzed under the same experimental conditions (55, 56) . The cleavage efficiency of the Pep4AK-activated enzyme was only partially dependent on the presence of detergents (e.g., 2% CHAPS) but was negatively affected by the omission of glycerol from the assay mixture (Fig. 3A) . In the presence of the cofactor, a glycerol-dependent activity increase was observed, with a plateau value between 40 and 50% glycerol (Fig. 3B) . We then analyzed the time course of the NS3-catalyzed cleavage of NS4A-NS4B peptide at a substrate   FIG. 2 . Full-length NS3 protease activity on in vitro-translated precursor substrates. NS4A-NS4B and NS5A-NS5B⌬C51 precursor proteins were synthesized by in vitro translation of the corresponding RNAs in the presence of [ 35 S]methionine, as described in Materials and Methods. An NS3 stock solution was diluted to 143 nM in 7 l of 25 mM HEPES (pH 7.5)-1 mM EDTA-50% glycerol-3 mM DTT and preincubated in the absence or presence of 15 M Pep4AK for 10 min at 23°C. Then 3 l of the appropriate in vitro-translated precursor was added to the protein and the mixture was incubated for 1 h at 30°C. Reactions were terminated by the addition of 20 l of SDS sample buffer, and 10 l-aliquots were analyzed by SDS-PAGE followed by autoradiography. Lanes: 1, reactions in the absence of Pep4AK; 2, reactions in the presence of Pep4AK; 3, control samples in the absence of NS3 protein and in the presence of Pep4AK. Bands corresponding to the 5A/B⌬C51 and 4AB substrates and to the 5A and 4B products are indicated. The complementary products (5B⌬C51 and 4A, respectively) were not detected in the gel system used because of the small size. M.W., molecular mass markers in kilodaltons. Table 1 ]) and 20 nM enzyme. No significant loss of activity was observed for up to 2 h of incubation (Fig. 3C) , indicating that the enzyme was substantially stable under the assay conditions used. A minor deviation from linearity was visible at the 2-h time point due to product inhibition, which starts to be significant at sufficiently high substrate conversion (see below).
Kinetic analysis of NS3 protease activity. We performed a kinetic analysis of the cleavage reaction of NS4A-NS4B peptide substrate under the optimized conditions, i.e., in 50 mM Tris (pH 7.5)-50% glycerol-2% CHAPS-30 mM DTT in the presence of the NS4A cofactor (Fig. 4A) , and we found that K m was 50.9 M and k cat was 5.14 min
Ϫ1
. These values are similar to those observed with the recombinant protease domain alone under the same reaction conditions (5). The Pep4AK dependence of the enzymatic activity was used to determine the dissociation constant of the NS3-Pep4AK complex. From the titration curve in Fig. 4B , we calculated a K d of 2 M, i.e., 2.5-fold lower than the K d calculated for the NS3 protease domain-Pep4AK complex (5) . Due to the very low basal proteolytic activity associated with the full-length NS3 protein, the maximum degree of activation induced by Pep4AK peptide was 25-fold, a value significantly higher than the 7-fold activation measured with the protease domain alone (56) . Table 1 shows a comparison between the kinetic parameters obtained with FL NS3 and with the isolated protease domain. Similarly to the protease domain, both the affinity of FL NS3 for the NS4A-NS4B substrate and the dissociation constant for Pep4AK were negatively affected by lowering the glycerol concentration (K m Ͼ 100 M and
Inhibition of NS3 protease activity. It has recently been reported that hexamer synthetic peptides derived from the P-side fragments of both the NS4A-NS4B (Ac-DEMEEC-OH) and the NS5A-NS5B (Ac-EDVVCC-OH) cleavage sites are micromolar inhibitors of the NS3 protease domain (54) . On this basis, it has been suggested that the NS3 protease is subjected to significant product inhibition. To assess whether product inhibition also affects the full-length enzyme, we have performed inhibitor titration experiments on NS3 protease activity in the presence of Pep4AK cofactor with the NS4A-NS4B substrate (Fig. 5A and B) . We have found that both product-derived peptides inhibited the NS3 activity with IC 50 s in the low micromolar range (6.4 M for Ac-DEMEEC-OH and 3.8 M for Ac-EDVVCC-OH).
Since RNA homopolymers are known to modulate the NTPase-helicase activity of both the isolated helicase domain (31, 49, 59, 60) and the full-length protein (29, 47), we were interested in exploring whether RNA could affect also the protease activity of our FL NS3 enzyme under the controlled reaction conditions established for the HPLC assay. To this end, we performed the standard NS3 cleavage assay in the presence of increasing concentrations of either poly(U) or an 18-mer oligo(U) 18 . Interestingly, both RNA molecules significantly inhibited FL NS3 protease with similar IC 50 s of 25.4 M UMP for the poly(U) and 20 M UMP for oligo(U) 18 ( Fig. 5C and D) . Expressed in terms of RNA molecule concentration, the corresponding IC 50 s were 85 nM for poly(U), assuming an average length of about 300 nucleotides, and 1.1 M for oligo(U) 18 . To investigate whether this RNA-mediated inhibitory effect was due to the binding of ssRNA to the helicase domain of NS3 protein, we performed similar RNA titration experiments on the isolated NS3 protease domain (Fig. 5C  and D) . Surprisingly, a strong inhibitory effect was evident also in this case, with IC 50 s only 2.5-to 3-fold higher than those measured with the full-length NS3 enzyme, i.e., 74 M UMP for poly(U) and 51.7 M UMP for oligo(U) 18 , respectively. This result suggests that the inhibition observed might be mediated by a different RNA-binding site located in NS3 protease domain. Interestingly, when 5 mM ATP was added to the poly(U) titration experiments (data not shown), a threefold decrease in the inhibition potency was observed for full-length NS3 (IC 50 ϭ 75 M UMP) whereas the IC 50 for the protease domain remained constant at 74 M [UMP], suggesting that binding of RNA to the helicase region might participate in the inhibitory effect on the full-length enzyme.
NS3 ATPase activity. Full-length NS3 displayed poly(U)-dependent ATPase activity, which was proportional to the con- Six data points at substrate concentrations between 15 and 500 M were used to calculate the kinetic parameters. Initial rates of cleavage were determined on samples with Ͻ10% substrate conversion. Kinetic parameters (K m ϭ 50.9 M, and k cat ϭ 5.14 min
) were calculated from a nonlinear least-squares fit of initial rates as a function of substrate concentration, assuming Michaelis-Menten kinetics. (B) NS4A-NS4B peptide substrate (50 M) was added. NS4A peptide concentrations were varied between 0.2 and 100 M, and 17 duplicate data points were determined. The dissociation constant of the NS3-Pep4AK complex (K d ϭ 2 M) was calculated from a nonlinear leastsquares fit to the equation centration of enzyme added (Fig. 6A) . In the linear range of the titration (up to 2 nM protein), NS3 hydrolyzed 17 fmol of ATP per fmol of enzyme in the absence of poly(U) and 136 fmol of ATP per fmol of enzyme in the presence of 0.1 mM poly(U) over the course of a 30-min reaction. The degree of stimulation induced by poly(U) was approximately eightfold. Poly(U) titration experiments (Fig. 6B) revealed that the concentration required to reach half-maximal ATPase activity was 0.5 M UMP. This value was 50-fold lower than the IC 50 (25.4 M UMP) calculated for the inhibition of the NS3 protease activity. This would suggest that at polynucleotide concentrations which effectively stimulate the ATPase activity of NS3, its protease activity should not be affected. NS3 helicase activity. The full-length NS3 helicase activity was measured with the partially dsRNA substrate shown in Fig.  7A . Titration of NS3 under optimized reaction conditions showed that this enzyme displayed linear helicase activity up to 40 nM protein, where it reached a plateau at about 80% strand displacement (Fig. 7B) . Similar results were obtained with the corresponding partially dsDNA substrate (data not shown). The addition of NS3-specific polyclonal antibodies (65) significantly reduced the strand displacement efficiency (Fig. 7B,  lane 12) , demonstrating that no contaminants in the NS3 preparation contributed to the unwinding activity shown in our experiments. In the absence of ATP, the RNA substrate was not affected by addition of the enzyme (lane 10). Moreover, substitution of ATP with a nonhydrolyzable ATP analog (␤,␥-methylene-ATP) reduced unwinding to background levels (Fig. 7C) . When the oligo(U) 18 shown to affect the protease activity of NS3 was added to the helicase reaction mixture at a 15-fold molar excess relative to the dsRNA substrate, strand displacement was decreased to 33%. The same amount of oligo(U) 18 inhibited the unwinding activity to background levels when ATP was replaced with the poorly hydrolyzed analog ATP(␥)S, which by itself reduced unwinding to 66% of the control value (Fig. 7C) . Addition of the Ac-DEMEEC-OH product inhibitor to the strand-displacement reaction did not affect NS3 helicase activity at peptide concentrations up to 120 M (data not shown).
To evaluate the catalytic efficiency of the unwinding activity associated with NS3, we performed a strand displacement experiment in which increasing concentrations of the dsRNA substrate (0.02 to 1.6 M) were added to 20 nM enzyme (an enzyme concentration which showed 50% of unwinding on 1 nM substrate) in the assay. We analyzed substrate titration values from 0.05 to 1.6 M (Fig. 7D) , at which conversion was less than 20%. From the theoretical curve which fitted our experimental data, we could calculate a catalytic efficiency Fig. 7D , it is also possible to deduce that the amount of product generated is always in excess with respect to amount of the enzyme used in the assay. This observation implies that the enzyme is undergoing multiple dsRNA-unwinding cycles.
Analysis of the helicase reaction conditions. Since the reaction conditions used in different laboratories to assay the NS3 helicase activity are quite different (20, 29, 31, 47, 49, 59, 60) , we determined the optimal buffer, pH, and divalent and monovalent cation concentrations for the maximal helicase activity of the NS3 enzyme purified in our laboratory (Fig. 8) . First, we found that NS3 strand displacement efficiency was affected not only by the pH of the reaction, but also by the nature of the buffer used (Fig. 8A and B) . MOPS was the optimal buffer among those we analyzed (Fig. 8A and data not shown) , whereas HEPES (and Tris [data not shown]) reduced the activity at all pHs tested. With MOPS, the optimal pH for the reaction was 7.0 (Fig. 8B) . We found that divalent cations, either Mg 2ϩ or Mn 2ϩ , were strictly required and that optimal concentrations were at least 2.5 mM (Fig. 8C) . On the other hand, the presence of increasing concentrations of monovalent cations dramatically decreased the level of helicase activity (Fig. 8D) . In fact, the maximal activity was obtained in the absence of sodium ions. As described in Materials and Methods, the optimized values were used in all subsequent strand displacement experiments.
NS3 RNA-binding activity. We analyzed the RNA-binding activity of full-length NS3 under helicase-optimized reaction conditions on the 5Ј-32 P-labelled 26-mer ssRNA oligonucleotide corresponding to the release strand. The gel retardation experiment (Fig. 9) demonstrated that in the absence of ATP, NS3 is able to form a stable complex with the ssRNA probe in a concentration-dependent manner. Titration of NS3 RNAbinding activity paralleled titration of NS3 helicase activity (Fig. 7B) , showing linearity up to 40 nM protein, where saturation of the free probe was observed. In the presence of 5 mM ATP, the formation of the complex was strongly reduced at all protein concentrations tested. This result suggests that under standard helicase reaction conditions, ATP is required to dissociate NS3 from RNA, implying that high-affinity binding to ssRNA is mediated by the RNA-binding domain in the helicase portion of the protein. Similar data were obtained with oligo(U) 18 as the ssRNA probe (data not shown). NS3 protein was also able, in the absence of ATP, to form a stable complex on the partially dsRNA helicase substrate, which was completely dissociated by adding a 15-fold molar excess of oligo(U) 18 (data not shown).
DISCUSSION
We describe here a procedure for a large-scale production of the full-length NS3 protein from the 1b HCV genotype in E. coli and the characterization of its enzymatic activities. We have previously produced the NS3 protein in insect cells by using a baculovirus expression system (data not shown). Although the enzyme purified from eukaryotic cells possessed an efficient serine protease and NTPase/helicase activity in vitro, the total amount of pure NS3 protein obtained in this experiment was not satisfactory. Therefore, we devised a method of producing milligram amounts of the enzyme in a soluble form in bacteria. To this end, in contrast to previously published reports (25, 33) , we successfully expressed NS3 as a nonfusion protein to obtain an enzyme as close as possible to the native viral enzyme. Indeed, our biochemical data demonstrated that the polypeptide obtained from prokaryotic cells was completely indistinguishable from that expressed in eukaryotic systems in terms of proper folding, oligomerization, and enzymatic activity.
Although it is likely that NS3 is stably associated with its NS4A cofactor in HCV-infected cells, we decided to produce the mature form of NS3 without NS4A for two reasons. First, we were interested in the possibility of investigating the effect of the NS4A cofactor on the protease activity of FL NS3 by using the same synthetic NS4A-derived core peptide which had been demonstrated to increase the cleavage efficiency of the isolated protease domain (5, 55, 56) . This has allowed a direct comparison of the proteolytic properties of the full-length and truncated enzymes. Second, we also expressed and purified the NS3-NS4A native complex (unpublished data), and FL NS3 
would provide a useful tool to study how all the enzymatic activities of NS3 are influenced by the presence of the fulllength NS4A protein.
The synthesis of soluble protein in bacteria was crucially temperature dependent, with induction above 23°C leading quantitatively to the formation of insoluble aggregates. Protein induction at 18°C, together with the use of a defined modified minimal medium, significantly improved the yield of soluble protein obtained, by minimizing the amount of misfolded protein. The purification scheme described in this work led to several milligrams of Ͼ95% pure NS3 from 1 liter of culture, an amount suitable both for enzymological and structural studies and for screening of potential enzyme inhibitors.
Deletion experiments have shown that the helicase and protease domains of NS3 can work independently of each other, with the separate polypeptide chains expressing the respective activities (2, 14, 20, 24, 31, 36, 40, 49, 56, 60, 63) . This has recently permitted the crystallization of the NS3 protease and helicase domains (38, 45, 69, 70) . Despite the apparent independence of the two enzymatic activities, there is no evidence indicating that the corresponding two regions of the NS3 protein are cleaved during the virus life cycle. This could simply reflect economical packaging of essential viral replicative components, but it could also suggest that there is functional interdependence between the two domains. The analysis of the relationship between the two enzymatic activities in the context of the full-length NS3 protein could provide an insight into the physiological role of NS3 during HCV viral infection. Therefore, we have tried to ascertain whether the two domains have any functional overlaps or have any interdependent regulation by any cofactor. Our study demonstrated that the enzymatic activities associated with recombinant full-length NS3, namely, protease, ATPase, and helicase, do not differ significantly from those associated with the protein individual domains.
The catalytic efficiencies displayed by the full-length protein and by the isolated protease domain in a trans-cleavage assay under the same experimental conditions were quite comparable, due both to similar turnover numbers (k cat ) and to similar affinities for the same NS4A-NS4B substrate (K m ) ( Table 1) . Activity titration of FL NS3 with Pep4AK indicated an apparent dissociation constant in the low micromolar range, also comparable to that measured for the N-terminal protease domain alone. The trans-cleavage activity of the full-length NS3 protein was increased about 25-fold in the presence of an NS4A-derived peptide, a value significantly higher than the 7-fold activation measured with the isolated protease domain. This difference was due to the extremely low basal activity associated with the full-length protein compared with its Nterminal domain. The reason for this more stringent requirement for NS4AK in the trans processing of the NS4A-NS4B substrate is unknown. The NS4A cofactor might be more crucial in the stabilization of the active conformation of the fulllength protein under our in vitro conditions. Structural studies are needed to clarify this point. On the other hand, titration of NS4AK peptide in the strand displacement assay caused a concentration-dependent inhibition of the helicase activity, with an IC 50 of approximately 2 M, consistent with the apparent dissociation constant measured in the protease activity assay (data not shown). This data might indicate that stabilization of the enzyme in the active protease conformation would affect its capacity to unwind dsRNA. This result would support a model in which NS3 could assume two alternative, mutually exclusive active conformations in the presence or absence of NS4A cofactor. Control experiments to demonstrate the specificity of this inhibitory effect are in progress, together with the study of the helicase activity associated with the native NS3-NS4A complex.
The isolated protease domain of NS3 is inhibited by synthetic peptides derived from the P6-P1 sequence of NS4A-NS4B and NS5A-NS5B cleavage sites. The N-terminal cleavage products were demonstrated to bind to the enzyme active site with low micromolar affinities, comparable to or higher than those of the corresponding substrates. Although the mechanism of this product inhibition has recently been clarified (54), the question whether this phenomenon has any physiological relevance is still open to debate. Hexapeptide product inhibitors based on the NS4A-NS4B and NS5A-NS5B cleavage sites were similarly found to efficiently inhibit the serine protease activity of full-length NS3. Interestingly, the same peptides did not affect the helicase activity of the protein at any of the concentrations tested. This result suggests that complete inhibition of the NS3 protease activity has no influence on its helicase activity.
Notably, poly(U) and oligo(U) 18 RNA molecules significantly inhibited FL NS3 protease activity with similar potency. Our results are in contrast to those described in a recent study (47) , which showed a poly(U)-mediated fivefold stimulation of the protease activity of a recombinant NS3-NS4A complex on an in vitro-translated NS5A-NS5B substrate. We have tried to reproduce this RNA-mediated activation on our full-length NS3 trans-cleavage activity by using both NS4A-NS4B and NS5A-NS5B in vitro-translated substrates and Pep4AK as a cofactor, but we did not see any effect of adding either poly(U) or oligo(U) at concentrations up to 2 mM UMP and 180 M UMP, respectively (data not shown). This discrepancy might be explained by a different mode of interaction with RNA between the NS3 complexed with the synthetic peptide and the native NS3-NS4A complex used by Morgenstern et al. (47) . Furthermore, the RNA-mediated inhibitory effect observed in this study did not occur through the binding of ssRNA to the helicase domain. Indeed, similar inhibitory effects were also evident on the isolated protease domain, with IC 50 s only 2.5-to 3-fold higher than those measured with the full-length NS3 enzyme. Our results suggest that the inhibition observed might be mediated by a different RNA-binding site, located in the NS3 protease domain. The mechanism of inhibition is unknown, but experiments are in progress to define the position of this RNA recognition site and its relationship to the active site and the substrate-binding site within the NS3 protease domain. One attractive hypothesis is that the RNA might interact with a positively charged surface in the proximity of the specificity pocket, possibly at a site which may be involved in the recognition of the acidic residues in the P6 region of protease substrates. The physiological significance of the observed RNA-protease domain interaction remains unknown. Interestingly, the recent resolution of the structure of two picornavirus 3C chymotrypsin-like proteases (hepatitis A virus and poliovirus) (4, 48) has revealed that a well-defined surface with a strongly charged electrostatic potential might participate in the recognition of the 5Ј and 3Ј untranslated regions of the RNA virus genome.
We found that the full-length NS3 ATPase-associated activity displayed a greater sensitivity to polynucleotide stimulation than was observed with the C-terminal helicase domain produced in E. coli (31, 49) , although it was comparable to that shown by a NS3-NS4A complex purified from COS cells (47) . This difference in poly(U) sensitivity therefore seems to represent a distinct feature of the full-length enzyme relative to the C-terminal helicase domain. The poly(U) concentration required to reach half-maximal NS3 ATPase activity was 50-fold lower than that required for the inhibition of half-maximal protease activity. Consistent with the protease inhibition data, this result would also support the existence of an independent RNA-binding site on the NS3 protease domain.
The helicase activity of our enzyme was evaluated by using a partially dsRNA synthetic oligosubstrate, which allowed a better quantification of results due to the reproducibility in the RNA oligonucleotide labelling and annealing procedure. Quantification of the strand displacement activity data provided a catalytic efficiency value (k cat /K m ) of about 3,700 s Ϫ1 M Ϫ1 , indicating a highly active enzyme preparation. Moreover, our data show that an NS3 helicase molecule can undergo multiple rounds of dsRNA unwinding. As expected, we observed that oligo(U) 18 RNA had an inhibitory effect on NS3 helicase activity, probably resulting from a binding competition between the oligo(U) 18 and the 3Ј single-stranded region of the RNA substrate for the same binding site on NS3.
Our results, taken together, demonstrated that the ATPase-RNA helicase activity of full-length NS3 does not substantially differ from that of the C-terminal helicase domain analyzed by several groups (20, 22, 31, 36, 49, 59, 60) both in terms of optimal reaction conditions (pH, temperature, and divalentcation dependence, inhibition by monovalent cations, etc.) and in terms of specific activity. Furthermore, we directly compared the efficiency of unwinding of full-length NS3 and that of a recombinant C-terminal helicase domain (a kind gift of G. Heilek) (25) under our standard assay conditions and found that the two enzymes possess similar strand displacement efficiencies, indicating that the N-terminal protease domain has little, if any, effect on the helicase activity (data not shown).
The ability of the HCV helicase to interact preferentially with the HCV genomic or antigenomic RNA has not been addressed in this study. We have shown that in the absence of ATP, NS3 protein binds ssRNA tightly with no particular sequence specificity, analogous to the results reported for the isolated helicase domain (20, 49) . From these experiments, we could not evaluate whether the protease region does influence the ability of the full-length enzyme to selectively bind RNA. A recent report has indicated that the HCV helicase may bind preferentially to the poly(U) sequence near the 3Ј end of the viral genome (34, 62) . It will be of interest to assess whether full-length NS3 shows a selectively of binding to the 3Ј ends of the HCV positive and negative strands, which are presumably the initiation sites for negative-and positive-strand RNA synthesis, respectively. Alternatively, protein-protein interaction could confer specificity of binding to the NS3 protein upon recruitment in the replication complex.
